. Immunofluorescence and immunoelectron microscopy showed that BBS5 principally localizes along the axonemes of rods and cones, but also in photoreceptor inner segments, and synaptic regions. Our principal findings in this study are threefold. First, we demonstrate that BBS5 is post-translationally regulated by phosphorylation via PKC, an event that is triggered by light in photoreceptor cells. Second, we find a direct interaction between BBS5 and arr1, an interaction that is modulated by phosphorylation of BBS5. Finally, we show that BBS5 is distributed along the photoreceptor axoneme, co-localizing with arr1 in the dark. these findings suggest a role for BBS5 in regulating light-dependent translocation of arr1 and a model describing its role in arr1 translocation is proposed.
Introduction
the function of most cells reflects the carefully choreographed expression and interaction of the cellular components. Many cells partition these elements so that the interactions can be regulated and coordinated according to the cellular demands. Primary cilia are specialized organelles used by cells for sensing a host of environmental cues, including the detection of photons, sensing of chemicals, and monitoring mechanical stress [1] . these sensory structures play integral roles in a variety of cell functions, including cell development, phototransduction, and olfaction. Because of this sensory function, transduction molecules are selectively partitioned into these ciliated structures where their interactions can be regulated and coordinated. Rod photoreceptors are an extreme example Abstract arrestins are dynamic proteins that move between cell compartments triggered by stimulation of G-protein-coupled receptors. even more dynamically in vertebrate photoreceptors, arrestin1 (arr1) moves between the inner and outer segments according to the light conditions. Previous studies have shown that the light-driven translocation of arr1 in rod photoreceptors is initiated by rhodopsin through a phospholipase C/protein kinase C (PKC) signaling cascade. the purpose of this study is to identify the PKC substrate that regulates the translocation of arr1. Mass spectrometry was used to identify the primary phosphorylated proteins in extracts prepared from PKC-stimulated mouse eye cups, confirming the finding with in vitro phosphorylation assays. Our results show that Bardet-Biedl syndrome 5 (BBS5) is the principal protein phosphorylated either by phorbol ester stimulation or by light stimulation of PKC. Via immunoprecipitation of BBS5 in rod outer segments, arr1 was pulled down; phosphorylation of BBS5 reduced this co-precipitation of 1 3 of such partitioning, with a cilium that is highly elaborated into a membrane-rich outer segment that is specialized for capturing photons. accordingly, the photoreceptor outer segment contains all of the elements of the enzyme cascade required for transducing the energy of photons into a change in membrane potential, whereas the photoreceptor inner segment provides the synthetic and metabolic resources necessary to support the function of the outer segment.
although this cellular partitioning into the outer segments holds true for most of the phototransduction cascade proteins in rods and cones, there are a few exceptions wherein the proteins are translocated between the inner and outer segments through the transition zone of the cilia according to the photic environment of the retina. the most dramatic of these protein changes in rods are arrestin1 (arr1) and the alpha subunit of the visual G-protein transducin, which nearly quantitatively reverse their localization between the inner and outer segments as the cells move between light and dark [2] [3] [4] . For arr1, dark adaptation leads to concentration of the protein in the inner segment portion of the photoreceptor, whereas light adaptation promotes translocation to the outer segments. the functional consequences of this translocation are not fully resolved. One hypothesis put forward is that the translocation of arr1 extends the dynamic range of rods, providing a more rapid quenching of activated rhodopsin in higher light flux [5] , thus reducing response amplitude and accelerating recovery. another hypothesis is that translocation of arr1 to the rod outer segments in light prevents metabolic rundown of rod photoreceptors from excessive activation of the phototransduction signaling cascade under lighting conditions that are beyond the response range of rods [6] .
the mechanism regulating arr1 translocation in photoreceptors appears to be complicated. Several well-designed studies have clearly established that the ciliary structure connecting the inner segment to the outer segment does not represent a significant barrier to movement of cytosolic proteins, and that the rates of arr1 translocation that have been measured can be accounted for by diffusion [7] [8] [9] . thus, it is simple to explain the partitioning of arr1 to the outer segment in the light by high-affinity binding of arr1 to photoactivated rhodopsin. Support for this hypothesis is provided by transgenic mice with modified levels of rhodopsin in which the fraction of arr1 translocating to the outer segment is directly proportional to the level of expressed rhodopsin [10] . however, arr1 translocation into the outer segments is not simply controlled by diffusion, but requires the microtubule cytoskeleton [11, 12] and its initiation by light involves a signaling cascade. the existence of this signaling cascade was first suggested by observations showing that arr1 did not translocate until a level of illumination was reached that activated approximately 3 % of the rhodopsin, at which level of illumination 30-fold more molecules of arr1 moved to the outer segments than the number of activated rhodopsin molecules [5] . Subsequent investigations into the nature of this signaling event implicated phospholipase C (PLC) and protein kinase C (PKC) activation in initiating arr1 translocation, showing that pharmacological activation of PLC and PKC could initiate arr1 translocation, even in the absence of light [13] .
In this study, we attempted to extend these observations to identify the PKC substrate that might be involved in regulating arr1 translocation. We hypothesized that the signaling cascade that initiates arr1 translocation, i.e., activation of protein kinase C through phospholipase C, phosphorylates a protein that could regulate arr1 translocation. We show that one target of PKC is Bardet-Biedl syndrome 5 (BBS5) protein, which is a component of the supramolecular BBSome complex essential for formation of primary cilia. here, we show that BBS5 directly interacts with arr1 in vitro, and that phosphorylation of BBS5 leads to a reduction in its binding of arr1. Further, light and electron microscopy revealed the co-distribution of arr1 and BBS5 along the microtubules of the axoneme in dark-adapted rod and cone photoreceptors. to our knowledge, our observations provide the first evidence that any of the BBSome proteins are regulated by phosphorylation and identify a novel interaction partner for both arr1 and for one of the BBSome elements.
Materials and methods

Phosphorylation in eye cups
C57BL/6 mice were dark adapted overnight, and eye cups prepared from euthanized animals under dim red light by excising the entire eye globe from the mouse, and then dissecting away the cornea and lens in tris-buffered saline (15 mM tris ph 7.0, 100 mM NaCl, 1 mM eGta, 10 mM MgCl 2 , 5 % DMSO). each eyecup was incubated with 50 μCi 32 P-γatP/10 μM atP for 15 min at 37 °C, to allow penetration of the label and then subsequently exposed to 100 μM phorbol-12,13-diacetate (Sigma-aldrich, St. Louis, MO, USa) for 15 min or to diffuse illumination (1,000 lux) for 15 min. Retinas were removed from the eye cups and homogenized in fresh tris buffer, and centrifuged (5 min, 16,000 × g) to obtain an aqueous soluble fraction. extracts were separated on either 4-15 or 12 % SDS-PaGe gels (Bio-Rad, hercules, Ca, USa) and autoradiographed. Samples for mass spectrometry were prepared without radioactive phosphate, and were fractionated by anion exchange chromatography (diethylaminoethyl-sephacel resin, Sigmaaldrich, St. Louis, MO, USa), eluting with a 100-500 mM NaCl gradient. Fractions were separated by SDS-PaGe and phosphorylated species were detected by immunoblotting using anti-phosphoserine and anti-phosphothreonine antibodies (aB1603 and Ma1-26593, respectively, eMD, Millipore, Billerica, Ma, USa).
For experiments using Xenopus eye cups, eyes from transgenic tadpoles expressing arrestin-GFP fusion protein [14] were prepared as described above except that one eye from each animal was placed in tadpole Ringers solution (10 mM NaCl, 0.15 mM KCl, 0.2 mM CaCl 2 , 0.1 mM MgCl 2 ), with 32 P-γatP and the contralateral eye was placed in tadpole Ringer's solution without radioactive phosphate. each pair of eyes was subjected to 15 min of white light illumination at defined intensity (0-1,000 lux), measured with a calibrated photometer. the non-radioactive eye was then immediately placed into methanolic paraformaldehyde for fixation [14] , and the eye in radioactive solution was homogenized in SDS-containing sample loading buffer [15] and separated on SDS-PaGe for autoradiography. arr1 distribution in rods in cryosections from the fixed eye was imaged and quantified as previously described [13] .
Mass spectrometry
For protein identification by mass spectrometry, in-gel trypsin digestion was performed. Briefly, relevant protein bands were cut out of the gel and diced into 1.5-3.5-mm cubes. each sample was then de-stained, reduced by dithiothreitol, alkylated by iodoacetamide, and incubated overnight at 37 °C with trypsin in 25 mM ammonium bicarbonate buffer (ph 8.0). Peptides were extracted by serial addition and collection of 5 % formic acid (Fa) in h 2 O, 50 % acetonitrile/45 % h 2 O/5 % Fa, and 95 % acetonitrile/5 % Fa. Supernatant was vacuum centrifuged to dryness. Prior to LC-MS analysis, samples were re-suspended in 97.5 % h 2 O/2 % acetonitrile/0.5 % Fa. Chromatography was performed using a Nano-LC Ultra 2D+ (eksigent, Dublin, Ca, USa) equipped with a Proteopep 2 IntegraFrit trapping column (100 μm i.d. × 2.5 cm; C18, 5 μm, 300 Ǻ) and a Proteopep 2 IntegraFrit analytical column (75 μm i.d. × 10 cm; C18, 5 μm, 300 Ǻ, New Objective, Woburn, Ma, USa). Samples were loaded onto the trap column at 2 μl/min (solvent a) for 12 min, after which a valve was switched to include the analytical column. Peptides were then eluted with a gradient (300 nl/min) of 2 % B to 45 % B over 50-80 min (Solvent a: 97.5 % h 2 O, 2 % acetonitrile, 0.5 % formic acid; Solvent B: 1.5 % h 2 O, 98 % acetonitrile, 0.5 % formic acid). Nano-LC effluent was analyzed on-line by positive-ion micro-electrospray with a linear ion trap (LtQ XL) or LtQ Orbitrap XL (thermo Fisher Corp, Pittsburgh, Pa, USa) with "top-5 data-dependent" acquisition. Resulting data was searched against the UniProt Mus musculus FaSta database (Concatenated Random) with MaSCOt (Matrix Science). Identified peptides and proteins were validated and visualized with Scaffold 3.6 (Proteome Software, Portland, OR) at a 2 % false-positive rate.
Immunoblotting
Proteins separated by SDS-PaGe were transferred to polyvinylidene difluoride membrane (eMD, Millipore, Billerica, Ma, USa). Proteins were detected on the blots using the following primary antibodies: BBS5 [polyclonal antibody (Proteintech, Chicago, IL, USa) or monoclonal antibody (prepared as described below)], arrestin1 (polyclonal antibody gift from Paul hargrave), creatine kinase B (Santa Cruz Biotechnology, Dallas, tX, USa), and glutathione-S-transferase (Rockland Immunochemicals, Gilbertsville, Pa, USa). Immunoreactive bands were detected with anti-rabbit or anti-mouse secondary antibodies conjugated to alkaline phosphatase, using nitro-blue tetrazolium and 5-bromo-4-chloro-3′-indolyphosphate substrate (Life technologies Corp, Carlsbad, Ca, USa) or enzyme-linked chemiluminescence (WesternBreeze, Life technologies Corp, Carlsbad, Ca, USa).
Protein expression and purification
Recombinant BBS5 protein was expressed and purified from BBS5 cDNa amplified by reverse-transcription PCR from poly(a) + RNa isolated from murine retina. Flanking EcoRI sites were incorporated on the 5′ and 3′ ends, including a his(6) tag after the initiating atG. the cDNa was cloned into pet-28a and pGeX-4t-1 for expression as a his-tagged protein or as a fusion protein with glutathione-S-transferase (GSt), respectively. his-tagged BBS5 and BBS5-GSt fusion were purified from inclusion bodies over his-Gravitrap columns (Ge healthcare, Piscataway, NJ, USa) in 6 M guanidine hydrochloride (GhC). For immunoprecipitation experiments, the BBS5-GSt protein was refolded by first dialyzing the protein in drip dialysis buffer (0.1 M tris ph 7.0, 0.4 M l-arginine, 2 mM eDta, 500 mM NaCl) with 1 M GhC, and then subsequently diluting the GhC by slowly dripping in drip dialysis buffer without GhC until the final concentration of GhC reached 0.1 M. the refolded protein was then dialyzed into 20 mM hePeS (ph 7.5) with 5 mM MgCl 2 , 1 mM CaCl 2 , and 100 mM NaCl. For samples requiring GSt protein, GSt was expressed from the pGeX-4t-1 vector, purified over GSt Gravitrap (Ge healthcare, Piscataway, NJ, USa), and dialyzed in the above hePeS buffer.
antibody preparation For monoclonal antibody production, 8 to 12 week-old female BaLB/c mice (Jackson Laboratory, Bar harbor, Me, USa) were injected intraperitoneally with 50 μg purified his-tagged BBS5 in Sigma adjuvant System oil (Sigma-aldrich, St. Louis, MO, USa). two booster immunizations of 50 μg of the same antigen in Sigma-aldrich adjuvant System were given, and 3 days before spleens were taken for fusion, an injection of 50 μg his-tagged BBS5-GSt antigen in saline was administered intraperitoneally. hybridoma cell lines were prepared by fusion of SP2/0 mouse myeloma cells with the splenocytes from the immunized mice using 50 % polyethylene glycol 1500 (Roche applied Science, Indianapolis, IN, USa). the culture supernatants from the resulting hybridomas were screened for anti-BBS5 activity via eLISa. Positive cultures were expanded, subcloned, isotyped (Southern Biotech, Birmingham, aL, USa), and further characterized by immunoblots, immunohistocytochemistry, and immunoprecipitation (see Supplemental Fig. 1 for validation of the anti-BBS5 monoclonal antibody).
Immunoprecipitation aqueous-soluble extracts were prepared from bovine rod outer segments. Briefly, purified rod outer segments (prepared in dim red light according to [16] ), were suspended in LaP200 N buffer (50 mM hePeS ph 7.4, 200 mM NaCl, 1 mM eGta, 1 mM MgCl 2 , 10 % glycerol, 0.05 % NP-40) with 1 mM atP and 1× phosphatase inhibitor (thermo Scientific, asheville, NC, USa) and were either maintained in the dark (30 min), exposed to light for 30 min, or treated with 100 μM phorbol-12,13-diacetate for 30 min. the outer segments were then sonicated and centrifuged (30 min, 40,000 × g) to produce a cleared extract. this extract was incubated with protein G-coated magnetic beads (Life technologies Corp, Carlsbad, Ca, USa) loaded with purified anti-BBS5 monoclonal antibody, washed with LaP200 N buffer, and eluted with 0.1 M glycine (ph 2.5). Control beads were loaded with anti-actin monoclonal antibody (Sigma-aldrich, St. Louis, MO, USa). eluates were analyzed by immunoblotting, detecting arr1 in the samples with an anti-arr1 polyclonal antibody and BBS5 with an anti-BBS5 polyclonal antibody (Proteintech, Chicago, IL, USa).
For immunoprecipitation of BBS5 in vitro, magnetic beads were loaded with anti-GSt antibody (Rockland Immunochemicals, Gilbertsville, Pa, USa). For fluorimetric quantitation, fluorescently labeled arr1 was prepared using purified his-tagged arr1 with an S199C substitution to generate a reactive sulfhydryl group (prepared as previously described [17] ), and labeled with alexaFluor 546-maleimide (Life technologies Corp, Carlsbad, Ca, USa). Samples containing 0.6 μM BBS5-GSt and 1.2 μM arrestin-alexa546 were incubated with the antibody-coated beads in LaP200 N buffer for 4-16 h at 4 °C.
after washing with LaP200 N buffer, proteins were eluted with 0.1 M glycine (ph 2.5), neutralized with 1. P-γatP, and 20-1,000 U protein kinase in 20 mM hePeS ph 7.5 with 5 mM MgCl 2 , 1 mM CaCl 2 , and 100 mM NaCl. Reactions were incubated at 30 °C for 20 min. to remove autophosphorylated kinases, the reactions were immunoprecipitated with anti-GSt antibody as described above prior to SDS-PaGe separation and autoradiography.
Immunohistochemistry
Fluorescence microscopy was performed on eyes of adult wild-type C57BL/6 mice as described previously [18] . Briefly, cryosections were placed on poly-l-lysine-precoated coverslips and incubated for 20 min at Rt with 0.01 % tween 20 in phosphate-buffered saline (PBS). after a PBS washing step, sections were incubated with blocking solution (0.5 % cold-water fish gelatin plus 0.1 % ovalbumin in PBS) and incubated for 2 h followed by overnight incubation with primary antibodies diluted in blocking solution at 4 °C. after washing with PBS, sections were incubated with secondary antibodies conjugated to alexaFluor 488 or alexaFluor 568 (Life technologies Corp, Carlsbad, Ca, USa) in PBS and with DaPI (Sigmaaldrich, St. Louis, MO, USa) to stain the DNa of the cell nuclei. Sections were mounted in Mowiol 4.88 (Carl Roth Gmbh, Karlsruhe, Germany), and imaged with a Leica DM-6000B microscope. Images were obtained with a charge-coupled device camera (DFC 360FX, Leica, Wetzlar, Germany) and processed with adobe Photoshop CS. Fluorescence confocal microscopy was performed on cryosections of Xenopus retina as previously described [14] . Primary antibodies used were anti-BBS5 mouse monoclonal (isotype IgG 2a , see above and Supplemental Fig. 1 ), anti-BBS5 rabbit polyclonal (Proteintech, Chicago, IL, USa), anti-arr1 rabbit polyclonal (gift from Paul hargrave), and anti-Xenopus arrestin4 (xCaR#2-41, IgG 1 [19] ). Secondary antibodies utilized were anti-mouse IgG 1 -alexaFluor 488, anti-mouse IgG 2a -alexaFluor 647, and anti-rabbit-alexaFluor 594. to demonstrate specificity of the monoclonal antibody for BBS5, the antibody was preabsorbed with excess purified his-tagged BBS5 prior to addition to retinal sections. Images were acquired using an UltraVIeW VoX, 3D spinning disk laser confocal microscope, equipped with a Yokogawa CSU-X1 spinning disk scanner (Perkinelmer, Waltham, Ma, USa), and images processed with Volocity 3D Imaging software (Perkinelmer, Waltham, Ma, USa).
Immunoelectron microscopy
For immunoelectron microscopy, we applied previously described protocols for pre-embedding labeling [20, 21] and post-embedding immunogold labeling [22] . Ultrathin sections were cut on a Leica Ultracut S microtome. Ultrastructural analysis was performed using a tecnai 12 Biotwin transmission electron microscope (FeI, eindhoven, Netherlands). Images were obtained with a charge-coupled device SIS Megaview3 SCCD camera (Olympus, Shinjuka, tokyo, Japan) and processed with adobe Photoshop CS.
Results
Identification of BBS5 as a phosphoprotein
Because of previous findings showing that PLC/PKC signaling was involved in initiating arr1 translocation in rod photoreceptors [13] , we attempted to extend these observations by identifying potential PKC substrates in the photoreceptors. to accomplish this goal, dark-adapted murine retinal eye cups were pre-incubated with 32 P-γatP and then stimulated with 100 μM phorbol ester to activate PKC. Under these conditions, the primary phosphorylated species in the aqueous-soluble fraction is a band at approximately 40 kDa, with several minor bands at higher molecular weights (Fig. 1a) . to identify this protein, a soluble extract was prepared from multiple murine retinas stimulated with 100 μM phorbol ester, fractionated by anion exchange chromatography, and probed for phosphorylated species with anti-phosphoserine/phosphothreonine proteins by immunoblotting (Fig. 1b) . the predominant immunoreactive bands were excised for mass spectrometric identification (Fig. 1c) . Replicate samples were submitted for LC-MS/MS. Results are shown in which both samples returned a minimum of four peptides matching any particular protein kinase B meet the criteria of being represented in both samples and being within 10 kDa of the expected 40-kDa size identified for the phosphoprotein. to discriminate between these two proteins, immunoblots were performed on parallel samples, comparing the size of the phosphoprotein with that of BBS5 and creatine kinase B (Fig. 2) . these results clearly show that the BBS5 immunoreactive band precisely corresponds to the phosphoprotein, whereas creatine kinase B is significantly larger. to verify that our findings using phorbol ester stimulation of retina have physiological relevance and to demonstrate broader species relevance, we also examined the phosphorylation of proteins in response to light stimulation. For this experiment, dark-adapted Xenopus tadpole eyes were pre-incubated with 32 P-γatP and then exposed to either light (1,000 lux) or 0.1 mM phorbol ester, and the aqueous-soluble fraction analyzed (Fig. 3a) . In both cases, light stimulation and phorbol ester treatment of the eyes led to phosphorylation of the same band at approximately 40 kDa.
although phorbol esters canonically activate PKC, there are examples where phorbol esters can activate other protein kinases [23] [24] [25] . to verify that BBS5 is phosphorylated by PKC, we expressed and purified BBS5 as a fusion protein with GSt and then attempted to phosphorylate the BBS5/GSt protein in vitro with various protein kinases (Fig. 3b) . In this experiment, only PKC led to robust phosphorylation of the BBS5 fusion protein. Importantly, note that the GSt protein by itself is not phosphorylated by PKC, indicating that the phosphorylation of the BBS5-GSt fusion protein is on the BBS5 portion of the fusion and not on the GSt portion.
Distribution of BBS5 in retina
to better understand the potential function of BBS5, we examined its distribution in retina particularly focusing on its photoreceptor localization. In longitudinal sections across the entire mouse retina, BBS5 immunoreactivity was prominent over the boundary between the inner and outer segments, but was also evident in the outer and inner segments, as well as the inner and outer plexiform layers, and ganglion cell layer (Fig. 4a) . at higher magnification, and utilizing co-staining with centrin-3 antibody as a centriolar/ciliary marker, it is clear that BBS5 reactivity localized not only to the basal body and the adjacent centriole but also to the outer segment axoneme (Fig. 4b-d) . additional faint labeling of BBS5 was present in the connecting cilium. Curiously, there was a gap in BBS5 immunoreactivity between the connecting cilium (transition zone) and the basal part of the axoneme. Using immunoelectron microscopy to visualize BBS5 localization, a similar distribution is revealed (Fig. 4e) . at this level of resolution, it is clear that the most abundant location of BBS5 reactivity is along the axonemal portion of the cilium extending into outer segments. Labeling is nearly absent from the connecting cilia of the photoreceptor cells, which is consistent with previous findings on other ciliary proteins using the pre-embedding labeling protocol [26] . Interestingly, there is significant immunoreactivity in the periciliary region of the inner segments, particularly along the surface adjacent to the connecting cilium. 
BBS5 localization under different lighting conditions
Considering that BBS5 phosphorylation is stimulated by light, and considering that one of the effects of PKC activation is to initiate the translocation of arr1 from the inner segments to the outer segments, we investigated the distribution of BBS5 and arr1 in both light-and dark-adapted conditions. In dark-adapted Xenopus retina, BBS5 strongly localized to the inner segment, axonemes of the outer segments, and outer plexiform layer of both rod and cone photoreceptors (Fig. 5a) . We note that Xenopus photoreceptors appear to have more BBS5 signal in the inner segments than in mouse (compare to Fig. 4) . Following light adaptation, the distribution of BBS5 appeared qualitatively the same, although with perhaps an intensification of BBS5 reactivity over the axonemes and in the outer plexiform layer (Fig. 5c) . We also note an apparent change in the distribution of BBS5 along the axoneme, with BBS5 appearing more uniformly distributed along the axoneme in light-adapted rods (Fig. 5c) , whereas the distribution is somewhat punctate in rod photoreceptors that are dark adapted (Fig. 5a ). Note that during light adaptation, there is retinomotor movement of the cone cell bodies proximally to join the cell body region of the rods, a phenomenon noted previously in fish and amphibian retinas by other researchers (reviewed in Burnside and Nagle [27] ). Similar to BBS5 distribution, in dark-adapted retina arr1 is predominantly localized to the inner segments, outer plexiform layer, and axonemes of the outer segments (Fig. 5a′′) . Particularly noteworthy is the nearly precise co-localization of the immunoreactivity of both arr1 and BBS5 along the axonemes (Fig. 5a′) . In contrast to BBS5, however, during light adaptation, arr1 relocalizes in rods to the outer segments (Fig. 5c′′) . Indirect immunofluorescence analysis of BBS5 distribution in the mouse retina under these same light conditions confirmed the data obtained in Xenopus (data not shown). Immunoelectron microscopy analysis confirms the fluorescent immunohistochemical findings in rodents and Xenopus photoreceptor cells (Fig. 6) . In darkadapted photoreceptor cells, arr1 remains concentrated in the axoneme of the outer segment (Fig. 6a, a′, c, d ) where BBS5 is also found (Fig. 6b ).
BBS5 interaction with arr1
Considering the co-localization of arr1 with BBS5 that we observed along the axoneme, we investigated whether there might be a direct interaction between arr1 and BBS5. to address this question, we performed immunoprecipitation of BBS5 from extracts prepared from dark-adapted I Fig. 5 Immunolocalization of BBS5 in Xenopus distal retina. a Cryosections of dark-adapted Xenopus retina were stained with anti-BBS5 monoclonal (green) and anti-arr1 rabbit polyclonal antibody (a′′; red). the merge image (a′) indicates co-localization of BBS5 and arr1 along the axoneme and inner segments (IS) of the rod photoreceptors (white arrowheads mark two axonemes that are stained for both arr1 and BBS5). b additional cells that also stained for BBS5 (white arrow in both a, b), but not for arr1, were identified as cones by staining for arrestin4 using a monoclonal anti-cone arrestin4 with an isotype-specific secondary (green). c In cryosections of lightadapted Xenopus retina, BBS5 (green) remains along the axonemes and inner segments, whereas arr1 (red) principally localizes to the rod outer segments (OS). d a control section stained using BBS5 monoclonal (green) pre-absorbed to heterologously expressed BBS5 protein demonstrates specificity of the monoclonal antibody. Scale bar 20 μm bovine rod outer segments (Fig. 7) . In this pull down, arr1 co-precipitated with beads loaded with anti-BBS5 antibody (lanes 1 and 2) , but not in the control samples loaded with anti-actin antibody (lanes 7 and 8). arr1 also co-precipitated with BBS5 in extracts prepared from outer segments that were either exposed to light or treated with 100 μM phorbol ester (lanes 3-6) , although the amount of arr1 was reduced by nearly 50 % (ρ < 0.05) compared to extracts prepared from outer segments maintained in the dark. the experiment illustrated in Fig. 7 demonstrates that BBS5 and arr1 associate in outer segments, but does not necessarily indicate whether this interaction is direct or is part of a complex, incorporating one or more scaffolding intermediates. to address this question, we performed immunoprecipitation in an in vitro reconstituted assay, using BBS5-GSt fusion protein purified from expression in bacteria and fluorescently labeled arr1 purified from expression in yeast (Fig. 8) . Under these conditions, BBS5-GSt was very effective at pulling down arr1, particularly when compared to the GSt control that contained just GSt without BBS5 fusion. We also immunoprecipitated arr1 with BBS5-GSt protein that was pre-phosphorylated with PKC. Phosphorylated BBS5-GSt immunoprecipitated significantly less arr1 than unphosphorylated BBS5 fusion protein (ρ < 0.05), reducing pulldown of arr1 by 25 %.
BBS5 phosphorylation and arr1 translocation to better understand if BBS5 phosphorylation might have any bearing on arr1 translocation, we undertook a study of the effects of lighting intensity on BBS5 phosphorylation in situ using transgenic Xenopus tadpoles expressing GFP-tagged arr1 [14] . eye cups were prepared from tadpoles and either incubated in 32 P-γatP or simply maintained in tadpole Ringer's solution, and were exposed to increasing intensities of lighting for 15 min, ranging from 0 to 5,000 lux. the radiolabeled eyes were processed for SDS-PaGe and autoradiography and the contralateral eye fixed for confocal microscopy. Figure 9a shows that there was no detectable phosphorylation of the 40-kDa BBS5 band at 0-10 lux; whereas there was increasing and prominent phosphorylation of this band at higher lighting intensities. In parallel eyes that were processed for confocal imaging, translocation of the arr1-GFP fusion protein from the inner segment to the outer segment was initiated at the same lighting intensity as stimulated the phosphorylated of BBS5 (Fig. 9b, c) .
Discussion
Principal findings
Our most significant findings in this study are threefold. First, we show that BBS5 is a member of the phosphoproteome of the retina, being phosphorylated in a light-dependent manner by PKC. this mass spectrometric identification was validated by immunoblotting, and also by using heterologously expressed BBS5 to show that this protein is a suitable substrate for phosphorylation by PKC in vitro. the phosphorylation of BBS5 by both light and PKC agonist (phorbol ester) establishes this post-translational modification as being physiologically relevant. Furthermore, its identification in both mice and frogs indicates that this regulation of BBS5 is likely to be a feature common to a broad range of vertebrate organisms. Bardet-Biedl syndrome 5 protein is one member of a complex of proteins termed the BBSome, a complex of at least eight highly conserved proteins (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9, and BBIP10) that principally localize to primary cilia [28] . Studies in model organisms indicate that the BBSome plays a key role in ciliary transport of proteins, regulating access of proteins to the cilium [29] [30] [31] . In photoreceptors, it is clear that the BBSome plays a similar role in both ciliary biogenesis and ciliary protein trafficking [28, 32] . a particular role for BBS5 in this process has not yet been ascribed, although recent studies have shown that BBS5 is one of the components added later to the core elements of the BBSome complex during its assembly [33] . Phosphorylation of BBS5 has not been reported previously and its effect on the association of BBS5 with other BBSome components is now an obvious track for investigations.
Our findings localizing BBS5 to the basal body/pericentriolar region in photoreceptors are consistent with these published findings. however, in our studies, we find that in addition to the previously noted basal body localization, BBS5 is also concentrated along the axoneme of both rod and cone photoreceptors. this is a new finding for the distribution of a BBSome component in photoreceptors. Interestingly, in a mouse model lacking BBS4, there is a misalignment of disc membranes along the axoneme [34] , perhaps consistent with a role for the BBSome proteins along the axoneme in directing disc alignment.
Our third principal finding is the demonstration that arr1 directly interacts with BBS5, adding to the growing list of interacting partners for arr1. In addition to its wellestablished interaction with rhodopsin [35] , arr1 has also been previously shown to interact with multiple protein A B Fig. 7 arrestin1 co-immunoprecipitates with BBS5 in rod outer segments. a arr1 was detected in immunoblots of samples of bovine rod outer segment lysates immunoprecipitated with anti-BBS5 antibody.
In the upper panel, ROS extracts were immunoprecipitated with BBS5 monoclonal antibody (lanes 1-6) or with an anti-actin monoclonal antibody (lanes 7-8). ROS extracts were either maintained in constant dark (lanes 1-2), exposed to light (lanes 3-4), or exposed to 0.1 mM phorbol ester (lanes 5-6); ROS extracts for the control samples were maintained in the dark (lanes 7-8) . the lower panels are immunoblots of the ROS lysate input used in each sample, using antiarr1 polyclonal antibody to detect arr1 input levels (middle blot) and BBS5 input levels (lower blot). b Quantitation of the relative amounts of arr1 co-precipitated with BBS5 in each of the three treatments in the upper panel of a; samples exposed to light or phorbol ester were statistically compared to the dark samples, with statistical significance (ρ < 0.05) indicated by an asterisk (n = 4) Fig. 8 arrestin1 directly interacts with BBS5. Fluorescently labeled arr1 (S199C-alexa546) was incubated with either BBS5-GSt (BBS5), phosphorylated BBS5-GSt (p-BBS5), GSt, or with no GSt-containing protein (control), and pulled down with anti-GStcoated magnetic beads and fluorescence quantified. Asterisk indicates statistically significant difference between samples (ρ < 0.05), n = 8.
Inset shows an immunoblot of the immunoprecipitated samples from one replicate probed for arr1 to validate the fluorimetric quantitation partners, including N-ethylmaleimide-sensitive factor [36] , enolase1 [37] , tubulin [38, 39] , apoptosis signal-regulating kinase 1, kinases in the mitogen-activated protein kinase pathway [40, 41] , calmodulin [42] , and ubiquitin ligases [41, [43] [44] [45] . this novel binding partner for arr1 is significant not only for understanding the full spectrum of arr1 interactions but also because of the key role played by the ciliary structure in rod and cone photoreceptors. Our data suggest that the axoneme not only serves as a structural element that is used by photoreceptors for maintaining proper organization of the outer segment disc stacks or a transport track for longitudinal molecular delivery of outer segment molecules [12, 46] , but it also appears that the axonemal cytoplasm serves as a reservoir for arr1 in the dark, maintaining a concentration of arr1 in the outer segments that can rapidly diffuse to the disc membranes in response to light exposure when BBS5 is phosphorylated.
Relationship to translocation this project was initiated with the intent of discovering how arr1 translocation might be triggered by PKC activation [13] . Our discovery of BBS5 as a light-stimulated PKC target suggests that this phosphorylation step might be a key step in the regulation of arr1 translocation. although our findings are not conclusive in this regard, the evidence supporting this interpretation is several-fold. First, we show that BBS5 is located along the axoneme, precisely co-localizing with arr1. One longstanding mystery of arr1 localization in rod photoreceptors has been its strong localization not only in the inner segment of dark-adapted rods but also along the axoneme, particularly visible in the larger amphibian retinas [11, 14, 47] . the direct interaction between arr1 and BBS5 shown by our findings suggests that BBS5 may serve as a binding partner for arr1 along the axonemal structure, which is a non-membrane delimited structure that extends nearly to the apical end of the outer segment. Second, the observation that the affinity of arr1 to BBS5 is reduced by PKC-dependent phosphorylation of BBS5 is consistent with the reduced localization of arr1 to the axoneme observed in light-adapted rods in which BBS5 would be phosphorylated. this finding suggests that phosphorylation of BBS5 may promote the dissociation of arr1 from the axoneme. Finally, our findings show a direct correlation between the illumination intensity that initiates BBS5 phosphorylation and that which initiates arr1 translocation to the outer segments. Interestingly, in our in vitro reconstituted pull-down assays using heterologously expressed BBS5 and arr1, the effect of BBS5 phosphorylation on arr1 pull down was not as great as in the assay using endogenous BBS5 and arr1 in outer segments. although there could be many explanations, one possibility B C A Fig. 9 Phosphorylation of BBS5 correlates with the same light intensity that initiates translocation of arr1 to the outer segments. a One eye from each arr1-GFP tadpole was incubated with 32 P-γatP and was exposed to increasing intensities of light (0-5,000 lux) for 15 min, homogenized, separated by SDS-PaGe, and autoradiographed; molecular mass standards (in kDa) are indicated to the left. b the contralateral eye was exposed to the same lighting and then fixed for imaging of GFP fluorescence in the photoreceptors by confocal microscopy. the dashed white line indicates the boundary between the outer segments (OS) and inner segments (IS). c Quantification of arr1 translocation to the outer segments; the fraction of GFP fluorescence in the OS was measured and averaged from a minimum of 15 photoreceptors in two separate sections from each of two eyes to consider is that arr1 may be binding to BBS5 along the axoneme in association with other proteins in a complex, such that phosphorylation of BBS5 may have broader effects on this complex than just directly on its interaction with arr1. the possibility of such a complex is under further investigation. In total, these findings provide a compelling link for BBS5 in process of arr1 translocation in rods.
thus we propose the following model for light-dependent translocation of arr1 (Fig. 10) . In the dark-adapted condition, arr1 localizes to the inner segments and axonemes as a consequence of multiple factors, including steric occlusion of arr1 tetramers and direct binding of arr1 to multiple interaction partners, such as enolase1, NSF, tubulin, and BBS5; the localization to the axoneme in the outer segments is a consequence of binding to BBS5. In our model, the light-driven translocation of arr1 to the outer segment is a two-step process. In the first step, light activation of the phospholipase C/PKC signaling cascade leads to phosphorylation of BBS5, which reduces the affinity of arr1 for its axonemal association, thus permitting arr1 to diffuse throughout the outer segment disks and then bind to light-activated rhodopsin. In response to a dim flash in the dark-adapted state, this fast recruitment of arr1 from the axonemal pool of arr1 would assure the rapid quenching Fig. 10 Model for BBS5-dependent arrestin1 localization in rod photoreceptor cells in response to illumination. a In dark-adapted rods, arr1 (red dots) predominantly localizes to an arr1 pool in the inner segment (IS). In outer segment (OS), arr1 is retained by binding to non-phosphorylated BBS5 (green ovals) along the axoneme. In the first step, upon light exposure, BBS5 is phosphorylated and releases arr1 into the OS disks for shutting down activated rhodopsin signaling; in the subsequent second step, the bulk of arr1 in the photoreceptor moves by diffusion from the inner segment to the outer segment, driven by binding to activated rhodopsin. b Schematic representation of the signal cascade leading to arr1 release throughout the OS. Light activation of rhodopsin (R) (1), signaling through an undefined G-protein, leads to activation of phospholipase C (PLC) (2) and protein kinase C (PKC) (3), which phosphorylates BBS5 along the axoneme (4). arr1 has reduced affinity to phospho-BBS5 and can now diffuse throughout the OS and can interact with activated rhodopsin (R*) (5) of activated rhodopsin, independent from recruiting molecules of arr1 from the pool of arr1 in the inner segment, which would certainly take much longer. In the second step of arr1 translocation, arr1 moves rapidly from its pool in the inner segment by diffusion, unrestricted by phosphorylated BBS5, to bind to light-activated phospho-rhodopsin for which it has a high affinity. this model explains the earlier observation that PKC agonists lead to a temporary release of arr1 into the outer segments of dark-adapted retinas, but which does not remain in the outer segments [13] , presumably because there is no light-activated rhodopsin to which to bind. One consequence of this model is that binding of arr1 to BBS5 during dark adaptation could potentially retard the flow of arr1 to the inner segment; however, because the amount of arr1 greatly exceeds that of BBS5, the pool of BBS5 would quickly become saturated. Further, it is also possible that the dephosphorylation of BBS5 is slower than the deactivation/dephosphorylation of rhodopsin such that the bulk of arr1 translocates to the inner segment prior to the dephosphorylation of BBS5. Future investigations will focus on testing this model. although there are no knockout models of BBS5 currently available, knock down of gene expression or specifically altering the interaction between arr1 and BBS5 are rational approaches for ascertaining the role of this interaction in regulating arr1 translocation.
